To determine whether the hyperkinetic circulatory response to chronic anemia is obligatory and to assess its strength and potential reversibility, the hemodynamic state at rest was assessed (indicator-dilution method) in 24 patients with chronic anemia before and after certain interventions.
anemia before and after certain interventions.
A comparison of cardiac output measured before and after treatment established the consistency of the hyperdynamic response to anemia. In the absence of convalescent data, this response might have been overlooked in some anemic patients whose cardiac output fell within the normal range. In the anemic state, cardiac output correlated negatively and significantly with age (r = -0.752). This relationship may account for the apparent absence of the hyperkinetic circulation in elderly, anemic patients.
In only the most anemic (hemoglobin, 3.8 g/ 100 ml) of six patients did inhalation of 100% oxygen lower cardiac output significantly.
In four patients, studied in both the supine and sitting posture, orthostatic stress was consistently accompanied by a decrease in central blood volume (7%) and an increase in total systemic resistance (64%), resulting in a reduction of both stroke index (28%) and cardiac index (23%).
Administration of methoxamine to seven anemic patients resulted in increases in mean arterial blood pressure (24%) and total systemic resistance (40%) in all and a decrease in cardiac output in all but one patient (mean, 20%). shift of the oxyhemoglobin dissociation curve allowing greater tissue extraction of oxygen,12 and a humoral mechanism.13 '14 The apparent inconstancy of these hemodynamic changes suggests that the response to chronic anemia may not be obligatory. The present study comprises measurements of the hemodynamic responses to chronic anemia made by studying a series of patients with chronic anemia before and after therapy. The extent to which these responses might be obligatory as well as their strength was further investigated by observing the effects of breathing oxygen, changes in posture, and infusion of a vasopressor drug.
Methods

Selection of Patients
Eleven patients with megaloblastic anemia due to deficiency of vitamin B1l or folic acid and 13 patients with anemia secondary to chronic blood loss or iron deficiency were studied (cases 1 to 24). The study was limited to patients with an oral temperature of less than 100 F and without evidence of malignancy, thyroid disease, cirrhosis, recent infection, blood loss, or heart failure. One patient (no. 7) had angina pectoris when anemic, another (no. 12) had hypertension, and a third (no. 9) had been digitalized many years before buit was not taking this druig at the time of study. No other patients had a history or clinical evidence of heart disease. Electrocardiograms were taken on all patients while anemic and on most patients after treatment. Aside from minor S-T and T-wave abnormalities, as described by Ellis and Faulkner,15 which were usually reversed after treatment, there was no evidence of recent or old myocardial damage.
Serial x-rays of the chest were available in 10 of the 15 patients studied before and after therapy for anemia. There was minimal to moderate transverse cardiac enlargement in the anemic state15 in four patients (nos. 5, 8, 10, and 15), with reversion to normal size following treatment. The remaining patients either had normal and unchanged sized hearts on serial x-rays (nos. 1 to 4, 6, and 9) or no cardiomegaly on a single roentgenogram taken during the anemic state only.
The group consisted of nine men and 15 women, ranging in age from 31 to 86 years. Fifteen patients were studied at rest before and after partial or complete correction of anemia with appropriate therapy which did not include blood transfusions. Seven patients were studied during infusion of methoxamine, six while breathing 100% oxygen, and four wvhile in both the supine and the upright positions. Several patients were included in more than one group.
Procedure and Methods of Study
Patients were studied without premedication, wvhile in the fasting state, and in the recumbent position. A Cournand 17 or 18 gauge needle was placed in a brachial artery. A polyethylene catheter (internal diameter, 1.14 mm) was inserted percutaneously into an antecubital vein and advanced either to the subclavian or superior caval vein, as judged by the length of the catheter inserted. After a rest of at least 10 min, cardiac output was measured by the indicator-dilution technic. 16 The measurement was usually repeated in 10 min. Approximately 1 ml of Evans blue (Warner-Chilcott, 0.5% aqueous solution) was injected intravenously through the polyethylene catheter from a calibrated pipette followed by a 10 ml saline flush, the injection usually being accomplished in 1.0 to 1.5 sec. The midpoint of duration of injection was used as the time of injection. Dye-dilution curves were recorded oscillographically (Sanborn 150) from the output of a densitometer17 through which blood was withdrawn from the brachial artery at a rate of Following a mean increase in hemoglobin from 5.9 to 10.9 g/ 100 ml, significant decreases occurred in heart rate, stroke index, and cardiac index. Mean arterial pressure rose significantly. In two patients (nos. 7 and 9) hypertension became apparent only following therapy. Venous pressure showed no consistent change, the mean value for the group remaining unchanged at a normal level. However, in *Harvard Apparatus Co., Inc., Millis, Massachusetts. HEMODYNANI4C RESPONSE TO CHRONIC ANEMIA were not entirely uniform; the volume decreased in eight patients, increased in two, and remained unchanged in three. However, with the increase in red blood cell mass following treatment, there was a significant overall rise in total blood volume. Central blood volume showed no consistent changes after therapy. However, since total blood volume increased, the ratio of central blood volume to total blood volume (CBV/TBV) decreased significantly after treatment, falling in 10 patients, rising in one, and remaining unchanged in two.
The calculated A-V oxygen difference rose in 10 patients and was either unchanged or reduced in two others, showing a significant increase for the group from 3.14 during anemia to 4.06 vol% after treatment. The percentage of oxygen utilized fell in nine and rose in The mean hemoglobin level for this group was 5.4 g/ 100 ml. During oxygen breathing, a slight fall in heart rate occurred in five patients, but there was no change in a sixth. Stroke index rose in two patients, fell in two, and remained unchanged in two. Cardiac index showed minimal changes in five patients, and decreased markedly in the sixth. In the latter the fall was due to a decrease in both stroke volume and heart rate, and occurred in a patient (no. 8) with one of the severest degrees of anemia and one of the highest cardiac outputs in this study. Mean sixth. Total systemic resistance rose in four of the six patients.
Effects of Changes in Posture (Tables 2 and 4) The mean hemoglogin level for this group was 5.0 g/ 100 ml. Following assumption of the sitting position for 15 to 25 min heart rate rose in two patients and remained unchanged in two others; mean arterial pressure rose in two, showed no change in one, and fell markedly in another; cardiac index uniformly decreased (mean change, 23%); stroke index uniformly fell (mean change, 28%); total systemic resistance uniformly rose (mean change, 64%); and central blood volume showed a small but uniform fall in the upright position (mean change, 7%).
One patient complained of feeling faint while upright. This patient (no. 22) had the greatest fall in cardiac output, stroke volume, and mean arterial pressure in the group. The arterial pressure immediately rose upon resuming the supine position.
Effects of Methoxamine (Tables 2 and 4 ; Fig. 3) Following the intravenous administration of methoxamine to seven anemic patients (mean hemoglobin value, 5.7 g/ 100 ml), heart rate uniformly fell (29%), mean brachial artery pressure uniformly rose (24%), cardiac index fell in six patients and did not change in one patient (mean fall, 20%), venous pressure rose in four of six patients, total systemic resistance Circulation, Volume XXXIX, April 1969 uniformly rose (40%), mean transit time lengthened in six of seven patients (mean increase, 23%), and central blood volume showed an inconsistant change, increasing in four and decreasing in three patients. The degree of these changes showed no constant relationship to the amount of drug infused. The largest decreases in cardiac output occurred in the patients (nos. 2 and 4) with the highest initial outputs ( fig. 3) . Stroke index increased in five and fell in two patients (nos. 2 and 6);
Case 2. The effect of methoxamine on stroke volume and cardiac output in a patient with megaloblastic anemia before (Hb, 5.6 g/100 ml) and after treatment (Hb, 9.0 g/100 ml). In response to the vasoconstrictor agent in the anemic state, cardiac output fell to the subsequent recovery level.
there was a net increase of 12% for the group. Left ventricular stroke work index showed a mean rise of 30%, albeit one patient (no. 2) showed no change, and another (no. 4), a fall. Left ventricular minute work index fell in four patients and increased in three. Four of these seven patients were restudied with methoxamine following improvement of the anemia (hemoglobin value, 10.6 g/ 100 ml) and are included in a previous report describing the action of this drug.26 For the same total amounts and rates of administration of methoxamine in these four patients as received during anemia, heart rate fell 24%, arterial pressure rose 14%, and total systemic resistance increased 19%. However, stroke index showed a uniform net increase of 18%, rising sufficiently to maintain cardiac output constant notwithstanding the bradycardia.
Discussion
This study is in agreement with other reports including among the hemodynamic consequences of chronic anemia a rapid circulation time, tachycardia, elevated cardiac output, decreased vascular resistance, reduced blood volume, and increased extraction of oxygen from the blood. [1] [2] [3] [4] [5] [6] [7] In addition, a rapid ejection rate was observed, indicating a hyperkinetic circulation.24 Some of the earlier studies have compared circulatory measurements in anemic patients with those made in a normal population.3-6 The rather wide range of normal hemodynamic values may mask effects of anemia. The use of the same patient as his own control following correction of the anemia" 2, 4 7 provides a sharper tool. The present investigation indicates that in many patients the hemodynamic values that appeared within normal limits in the anemic state were actually altered when compared to that particular individual's normal state after therapy. Circulatory abnormalities were consistently present and would appear to be obligatory.
A further analysis of these patients revealed that (1) the severity of anemia did not correlate well with the level of cardiac output ( fig. 4) , and (2) at the same low hemoglobin values, the lowest levels of cardiac output were usually present in the older age group. A reduction in total systemic resistance reduces cardiac work and thus tends to balance the effect of the elevation in cardiac output. In the patients with the highest outputs and cardiac work, tachycardia was not as prominent a feature as a rise in stroke volume. A significant decrease in tension time index per beat was found to be associated with anemia. This suggests that the decrease in pressure work which accompanies the anemic state tends to compensate for the increase in flow work and prevents an increase in oxygen conCirculation, Volume XXXIX, sumption of the heart.22 However, the tension time index as a measure of myocardial oxygen consumption has not been validated for the anemic state. Indeed, in severely anemic patients Bing30 has demonstrated an increase in coronary flow and in oxygen consumption of heart muscle.
Stewart and associates2 observed an elevation in total oxygen consumption in patients with pernicious anemia. In patients with secondary anemia, either no rise or minimal increase has been noted.4 Some patients of the present series, irrespective of the etiology of anemia, had an increased oxygen consumption; the group, however, showed no significant change.
The hemodynamic effects of breathing 100% oxygen were studied in the expectation that the resulting augmentation of the blood's oxygen-carrying capacity might permit a corresponding widening of the A-V oxygen difference and hence a reduction in cardiac output. This effect was indeed observed in one of the more severely anemic patients (no. 8) whose hemoglobin was 3.8 g/ 100 ml and cardiac output was 9.8 L/min in the control state. While breathing oxygen, the cardiac output fell to 7.8 L/min. The remainder of the patients showed no consistent response of cardiac output to oxygen inhalation, in agreement with Storstein's observations in two anemic patients.3'
The hemodynamic consequences of changing from the supine to the upright posture have been well documented in normal subjects :32-34 Cardiac output falls secondary to redistribution of blood volume, and blood pressure is maintained by an increase in peripheral vascular resistance. Again, in an effort to see whether the stimulus for the altered hemodynamic state in anemia could be overcome, postural studies were performied in these patients. The rise in systemic resistance and fall in cardiac output, without change in arterial pressure, observed after assumption of the upright posture imply peripheral vasoconstriction and indicate that the circulatory changes of chronic anemia can be reversed acutely and hence are labile rather than fixed.
Administration of methoxamine to normal subjects has a pressor and a bradycardiac effect with stroke volume rising to maintain cardiac output. 26 As indicated in a preliminary communication,35 the pressor and bradycardiac responses to methoxamine in anemic patients were similar in direction and in degree. However, in the anemic state, the increase in stroke volume was usually not of sufficient magnitude to maintain cardiac output, which decreased in most cases, particularly in the patients with the highest cardiac output. This was most clearly seen when the response to methoxamine was studied in the same patients both in the anemic state and following treatment ( fig. 3 ). When both atropine and methoxamine were administered to anemic patients, Roy and associates36 demonstrated that in spite of the abolition of reflex bradycardia cardiac output still diminished. Thus, by increasing blood pressure and vascular resistance, the high output state of anemia may be acutely reversed by the vasoconstrictor drug methoxamine. This is in marked contrast to the resistance to methoxamine, even in high dosage, recently encountered in a patient with beriberi heart disease. 37 The acute, immediate reversal of the high output state of anemia by orthostatic stress or by a vasoconstrictor drug indicates that the increased blood flow is primarily mediated by lowered peripheral resistance due to vasodilatation rather than to low blood viscosity,'" " the viscosity presumably remaining unaltered by these acute interventions. Whatever the stimulus for vasodilataton, it is not strong enough to prevent reversal by the endogenous and exogenous vasoconstrictor mechanisms tested. In its rapidity, the acute reversal of the hyperkinetic circulatory state of chronic anemia with a pressor agent resembles the circulatory effects of acute closure of a large A-V fistula9 and similarly suggests reflex or chemical mediation rather than a hormonal pathogenesis of the hyperkinetic circulatory state. '3 14 
